Emerging data indicate that interferon-induced transmembrane protein 1 (IFITM1) plays an important role in many cancers. However, it remains unclear whether IFITM1 is functionally indispensable in nonsmall cell lung cancer (NSCLC). Here, using NSCLC cell lines and patient-derived samples, we show that IFITM1 is essentially required for the progression of NSCLC in vitro and in vivo. Specifically, IFITM1 depletion resulted in a significant reduction in sphere formation, migration, and invasion of NSCLC cells in vitro; these events were inversely correlated with the ectopic expression of IFITM1. In addition, tumor development was significantly impaired in the absence of IFITM1 in vivo. Mechanistically, epidermal growth factor receptor/ sex-determining region Y-box 2 (EGFR/SOX2) signaling axis was compromised in the absence of IFITM1, and the ectopic expression of SOX2 partially rescued the defects caused by IFITM1 depletion. More importantly, using 226 patient-derived samples, we demonstrate that a high level of IFITM1 expression is associated with a poor overall survival (OS) rate in adenocarcinoma but not in squamous cell carcinoma. Collectively, these data suggest that IFITM1 is a poor prognostic marker of adenocarcinoma and an attractive target to develop novel therapeutics for NSCLC.
Introduction
Despite marked advancement in cancer therapy, lung cancer is the disease that is the most commonly diagnosed (1.82 million) and the leading cause of death in cancer patients (1.6 million deaths) in 2012. 1 Lung cancer is classified into two categories, small cell lung cancer (SCLC) and nonsmall cell lung cancer (NSCLC); NSCLC accounts for approximately 85% of all lung cancer cases and the 5-year survival rate of NSCLC patients is as low as about 15%. 2 This highlights a need to understand the cellular and molecular events leading to the progression of this disease. Cancer relapse and metastasis are suggested to be the most important factors contributing to the progression and poor prognosis of cancer. 3 Epithelialmesenchymal transition (EMT) is a key event in tumor metastasis. 4 EMT is a reversible process, during which epithelial cells exhibit some properties of mesenchymal cells (including proteolysis and motility) and lose many of their epithelial characteristics (such as cell-cell adhesion and cell polarity).
Other events, including invasion, chemo-resistance and the acquisition of stem cell-like characteristics, are also known to be related to EMT. 4 In recent studies, cancer stem cells (CSCs) or tumor initiating cells (TICs), a subpopulation of cells within a tumor with dysregulated self-renewal properties of normal stem cells, are believed to be responsible for tumor initiation and progression as well as chemotherapy resistance. 6 These events could explain rapid tumor relapse and a poor prognosis in cancer patients. 7, 8 Several signaling pathways, such as Sonic Hedgehog, 9 Wnt/β-catenin, 10 EGFR 11 and SOX2, 12 have been described to regulate the behavior of CSCs and EMT, and contribute to the development of several cancers, such as lung cancer. 9 EGFR is a receptor tyrosine kinase (RTK) that is stimulated by its ligands such as EGF, amphiregulin, betacellulin, epiregulin, neuregulin, heparin-binding EGF, and transforming growth factor alpha (TGF-α). 13 The receptors then dimerize and autophosphorylate, leading to the initiation of various downstream signaling pathways, mainly mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K)-activated AKT pathways.
14 EGFR is found to be overexpressed in various cancers, including head and neck cancer. 15 In cancer cells, it has been demonstrated that EGFR can be aberrantly activated by several mechanisms, including EGFR gene amplifications, activating mutations in the extracellular or tyrosine kinase domains, and autocrine/paracrine signaling mechanisms. 16, 17 High expression of EGFR is correlated with metastatic disease and a poor prognosis of many cancers. 18, 19 Specifically, in lung cancer patients, EGFR overexpression is associated with reduced survival, high risk of lymph node metastasis, and poor chemosensitivity. 20, 21 Thus, it is required to better characterize essential molecules implicated in EGFR signaling.
Interferon-induced transmembrane protein 1 (IFITM1), a member of the interferon (IFN)-inducible transmembrane protein family, was initially identified as Leu 13. 22 It is also known as 9-27 or CD225, and is a critical component of a membrane complex that is implicated in many essential functions such as proliferation, homotypic adhesion in lymphocytes, and metastasis. [23] [24] [25] Originally, IFITM1 was identified for its role in host-pathogen interaction after the induction by IFN-α and IFN-γ in response to pathogens. 24 However, it has been recently shown that IFITM1 is highly expressed and functionally important in several cancers, including cervical, esophageal, ovarian, brain, and colon cancer. 26, 27 Specifically, the importance of IFITM1 was reported in glioma cells and head and neck squamous cell carcinoma (HNSCC), where IFITM1-depleted cancer cells displayed low levels of proliferation and invasion. 27 Consistent with other studies, we reported that IFITM1 was associated with a poor prognosis of the colorectal cancer (CRC). 28 However, it still remains unclear whether IFITM1 is essential for the maintenance of CSCs in lung cancer and may be further associated with a prognosis of NSCLC. Using lung cancer cell lines and patient-derived samples, we addressed these questions and demonstrated that IFITM1 is essential in modulating EGFR/SOX2 signaling axis in lung cancer. Furthermore, IFITM1 is implicated in the progression of NSCLC in vivo and associated with a poor prognosis of adenocarcinoma.
Materials and Methods

Cell lines
Nonsmall Cell Lung Cancer cell lines A549, H1299 and H1650 cells were grown in RPMI-1640 medium (Corning, USA) supplemented with 10% Fetal Bovine Serum (Corning, USA), 1% MEM essential amino acids (Corning, USA) and 1% penicillin/streptomycin (Gibco, USA) at 37 C in a humidified atmosphere containing 5% CO2.
Lentiviral constructs and transfection
Short hairpin RNA (shRNA) constructs (870-shIFITM1 and 642-shIFITM1) and overexpression construct of IFITM1 were described previously. 28 The open reading frame (ORF) of SOX2 (Forward, 5 0 -GCCGGAATTCATGTACAACATGATG-GAGACGGAG-3 0 and Reverse, 5 0 -GCCGCTCGAG TCACATG TGTGAGAGGGG-3 0 ) were amplified and cloned into MSCVires-hCD2. Virus was produced in 293 T cells transfected with viral constructs along with psPAX2 and pMD2 or VSVSG and gag/pol constructs. Viral supernatants were collected on day 2 and 3 after transfection and used to infect target cells.
RNA extraction and realtime qPCR (RT-qPCR)
RNA was isolated using Trizol (Invitrogen, USA) or Hybrid R (Gene All, Korea), and converted to cDNA using ReverTra Ace ® qPCR Kit (TOYOBO, Japan) according to the manufacturer's instructions. To determine the level of gene expression, RT-qPCR was performed using the qPCR Master Mix Kit (TOYOBO, Japan). Primer sequences for RT-qPCR are shown in Supporting Information Table 1 .
Western blotting analysis
Cell lysates were harvested using RIPA lysis buffer for 30 min on ice and centrifuged at 13,000 rpm for 10 min at 4 C. Protein concentration of the supernatant was determined by Bio-Rad What's new? Interferon response genes play key roles in pathogen defense but emerging evidence also link them with cancer. The authors report that interferon-induced transmembrane protein 1 (IFITM1) critically regulates epidermal growth factor receptor-mediated signaling in nonsmall lung cancer models and is associated with a poor prognosis of patients with adenocarcinoma. This expands the function of this innate defense factor and might lead to improved clinical management of individuals afflicted with lung cancer.
Protein Assay (Bio-Rad Laboratories, Inc., USA). An equal amount of each protein extract was resolved using 10% polyacrylamide gel and electro-transferred onto 0.45 μm hybridization nitrocellulose filter (HATF) membrane (Millipore, USA) using Trans-blot Turbo (Bio-Rad Laboratories, Inc., USA). Membranes were immunoblotted with either rabbit polyclonal anti-IFITM1 antibody (GeneTex, USA), rabbit polyclonal antiactin antibody (Abcam, USA), mouse monoclonal anti-CAV1 antibody (Abnova, Taiwan), rabbit polyclonal anti-pEGFR (Tyr1068) antibody (Cell Signaling, USA), rabbit polyclonal anti-EGFR antibody (Cell Signaling, USA), rabbit monoclonal anti-Sox2 antibody (Cell Signaling, USA), rabbit polyclonal antip-AKT (Ser473) antibody (Cell Signaling, USA), rabbit polyclonal anti-Akt antibody (Cell Signaling, USA), rabbit polyclonal anti-p-β-Catenin(Ser33/37/Thr41) antibody (Cell Signaling, USA), or rabbit polyclonal anti-β-Catenin antibody (Cell Signaling, USA) overnight at 4 C. Membranes were incubated with either HRP-conjugated anti-rabbit immunoglobulin (Cell Signaling, USA) or HRP-linked anti-mouse immunoglobulin (Cell Signaling, USA) for 1 h at room temperature. The protein signal was detected by enhanced chemiluminescence (Thermo, USA) using the Amersham Imager 600 (GE Healthcare Life Sciences, UK).
Cell proliferation assay (MTT assay)
MTT assay was used to evaluate cell proliferation by using Cell Proliferation Kit I according to the manufacturer's instructions (Roche, Germany). Briefly, cells (5 × 10 3 ) were seeded into a 96-well plate and incubated for an additional 72 h. Cells were incubated in 5 mg/ml of MTT solution for 4 h and then solubilized with 100 μL solubilization solution (10% SDS in 0.01 M HCl) overnight. Absorbance was read at 575 nm and 650 nm using a plate reader.
Sphere forming assay NSCLC cell lines were cultured and serially plated on a low adherent 96-well plate at low density (~500 cells per well) under serum-free conditions and supplemented with 20 ng/mL of epidermal growth factor (EGF) (Life Technologies, Foster City, CA), 10 ng/ml of basic fibroblast growth factor (bFGF) (Life Technologies), and N2 supplement (Life Technologies) for 10 days according to published protocols. 29 The experiment was conducted in three independent replicates for H1650 and A549 cells.
Migration and invasion assay
Cell migration and invasion were analyzed in vitro using the transwell insert system (Corning, USA) without coating or with coating by 20 μL of Matrigel (BD, USA), respectively. The culture insert was attached on bottom of a 24-well plate, and 100 μL of serum-free media containing 2 × 10 4 cells were seeded into each well of the insert. Six-hundred μL of media containing 10% FBS was added outside the transwell culture insert. Cells were incubated at 37 C for 16 h and 24 h in a humidified atmosphere with 5% CO 2 for migration and invasion, respectively. Transwells were washed twice with PBS and cleaned using cotton swap. The cells were fixed with 1% formaldehyde for 15 min, washed twice with PBS, stained with 0.1% of crystal violet for 15 min and then observed using a microscope (Leica, Germany).
Tumorigenicity by subcutaneous injection in NSG mice 1 × 10 6 cells of control or IFITM-knockdown H1650 were suspended in 1:1 ratio of PBS: Matrigel (Corning, Corning, NY) to 100 μL per injection, and injected (25 g needle) subcutaneously into the back of NSG mice (NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ, The Jackson Laboratory). Mice were monitored for tumor growth for up to 60 days. Tumor volume (TV) was calculated according to the formula: TV (mm 3 ) = πW 2 ×L/6, where W and L were the shortest and the longest diameters, respectively. On day 60 after transplantation, tumor tissues collected from sacrificed mice were processed for morphological analysis and molecular study. All animal experiments were performed according to protocols approved by Soonchunhyang University Institutional Animal Care and Use Committee.
Orthotopic lung transplantation
A small skin incision was made over the ribcage to visualize the lungs after anesthesia. 1 × 10 6 cells of control or IFITMknockdown H1650 were suspended in 1:1 ratio of PBS: Matrigel (Corning, Corning, NY) to 50 μL per injection, and injected (25 g needle) into NSG mice (NOD.Cg-Prkdc scid Il2rg tm1Wjl / SzJ, The Jackson Laboratory) in the intercostal space between ribs 5 and 6 of the left lung. Mice were monitored for tumor growth and metastasis for up to 32 days. The lungs and liver tissues were assessed to count tumor nodules, and then were processed for H&E analysis. All animal experiments were performed according to protocols approved by Soonchunhyang University Institutional Animal Care and Use Committee.
Human nonsmall cell lung cancer (NSCLC) specimens
This retrospective study was approved by the Institutional Review Board of Ajou University School of Medicine. Inform consent was granted a waiver due to the retrospective nature of our study. All analyses were performed in accordance with ethical guidelines for clinical research. A total of 226 patients confirmed to have NSCLC after surgical resection between January 2009 and December 2013 were enrolled.
Histopathological analysis and immunohistochemistry assay
Histological subclassification was performed by two pathologists according to the 2015 World Health Organization Classification of Lung Tumors. 30 Formalin-fixed, paraffin-embedded tissue samples were arranged in a Benchmark XT automatic immunohistochemical staining device (Ventana Medical Systems, Tucson, AZ). Samples were incubated with rabbit polyclonal anti-IFITM1 antibody (1:100 dilution; GeneTex, USA), rabbit monoclonal anti-Sox2 antibody (1:300 dilution; Cell Signaling, USA) and rabbit polyclonal anti-EGFR antibody (1:300 dilution; Cell Signaling, USA). IFITM1 intensity was evaluated on a four-point intensity scale (0, none, 1, faint; 2, moderate; 3, strong). The proportion of membranous and/or cytoplasmic expression of IFITM1 was also evaluated. A sample was considered IFITM1 positive if >30% of definitive tumor Cells exhibited moderate or strong immunohistochemical reactivity with the anti-IFITM1 antibody. The staining results were scored based on staining intensity: 0, none; 1, faint; 2, moderate; 3, strong. A sample was considered SOX2 and EGFR positive if >30% of definitive tumor Cells exhibited moderate or strong immunohistochemical reactivity with the anti-SOX2 antibody and anti-EGFR antibody. Overall survival (OS) was defined as the time between the first day of diagnosis and the date of death regardless of the cause of death. The follow-up of patients still alive without events was censored at the date of their last follow-up.
Statistical analysis
The results of RT-qPCR, migration and invasion were analyzed with Student's T-test. Hazard ratio and 95% confidence interval of clinicopathological data were evaluated using Cox regression models. Categorical variables were compared using the chi-squared test, and continuous variables were compared using an independent-sample t-test Kaplan-Meier method was used to analyze disease-free survival rate using the logrank test. A p-value of less than 0.05 was considered statistically significant in all assessments.
Results
IFITM1 expression is highly induced in a stem cell selective medium
IFITM1 is a highly expressed prognostic marker in several cancers such as cervical, esophageal, ovarian, brain, and colon cancers. 26, 31, 32 We analyzed the expression of IFITM1 in several patient-derived NSCLC cell lines using both RTqPCR and immunoblotting. Both A549 (with wild-type EGFR expression) and H1650 (with activating mutation of EGFR [L858R]) cell lines displayed high levels of IFITM1 expression compared to H1299 cells (wild type for EGFR expression) ( Fig. 1a-c ). This suggests that IFITM1 is highly expressed in NSCLC cell lines; however, high expression of IFITM1 protein is not related to the mutational status of EGFR. Next, we determined whether the expression of IFITM1 was affected by culture conditions, such as conventional medium and stem cell selective medium. To test this, H1650 and A549 cells were cultured for 4 days either in conventional culture media without FGF and EGF (on regular culture plates) or stem cell selective media with FGF and EGF (on ultra-low attachment plates). We observed that IFITM1 expression was highly upregulated when H1650 and A549 cell lines were cultured in stem cell selective medium compared to conventional culture medium ( Fig. 1d and e) .
Depletion of IFITM1 impairs the proliferation and sphereforming ability of NSCLC cells
To determine the functional importance of IFITM1 in NSCLC, we used shRNAs to inhibit the expression of IFITM1 in cancer cell lines. NSCLC cell lines, H1650 and A549, were transduced with either nonsense control (shLacZ) or two independent IFITM1 shRNAs (642-shIFITM1 and 870-shIFITM1) and either sorted using flow cytometry or selected with puromycin. Both RNA and protein were extracted from transduced H1650 and A549, and the knockdown efficiency of IFITM1 was determined by RT-qPCR and immunoblotting. Both mRNA and protein levels of IFITM1 significantly decreased in IFITM1 shRNAtransduced cells compared to nonsense control (Supporting Information Fig. 1a-f ) . As IFITM2 and IFITM3 bear a high homology with IFITM1, 33 we determined whether IFITM1 depletion also affected the expression of other IFITM family members. RT-qPCR results demonstrated that the expression levels of both IFITM2 and IFITM3 did not change by the depletion of IFITM1 (Supporting Information Fig. 1g and h ). These data confirmed that IFITM1 was successfully depleted at both RNA and protein levels without affecting the expression of other IFITM family members such as IFITM2 and IFITM3. To test whether IFITM1 was involved in the growth of NSCLC cell lines, we determined the proliferation ability of IFITM1-depleted cells using MTT assay. Control or IFITM1 shRNA-transduced NSCLC cell lines were incubated for 72 h to determine proliferation in vitro. Relative to control cells, the proliferation rate of IFITM1-depleted H1650 and A549 cell lines decreased by approximately 36% and 43%, respectively, suggesting that cell proliferation was modestly impaired in the absence of IFITM1 in NSCLC cell lines ( Fig. 1f and g ). As sphere forming cells were shown to induce extensive cancer proliferation and also display cancer stem cell-like characteristics, we asked whether IFITM1 contributed to the sphere forming ability of NSCLC cell lines. Control or IFITM1 shRNA-transduced cell lines were serially plated up to tertiary plating on ultra-low attachment plate for 10 days, and the number of spheres formed were counted. In the absence of IFITM1, the sphere forming ability of NSCLC cell lines such as H1650 and A549 was gradually decreased starting from secondary plating, reaching a significant difference on tertiary plating (Supporting Information Fig. 2a-c) . Considering that the sphere forming ability is a unique property of cancer stem cells, the above data suggest that IFITM1 plays a critical role in the maintenance of cancer stem cells.
IFITM1 is required for the mobility of NSCLC cells
As IFITM1 promoted cell invasion in several cancers such as glioma cell lines, head and neck squamous cell carcinoma (HNSCC), and colon cancer, 27, 28, 34 we investigated whether IFITM1 was indispensable for the mobilization of NSCLC cell lines. NSCLC cell lines (H1650 and A549) were transduced with either shLacZ or IFITM1 shRNAs (642-shIFITM1 and 870-shIFITM1), and their migration was examined by seeding them on an insert of the transwell system, followed by an incubation for 16 h. Thereafter, the cells on the inserts of the transwell system were stained and counted to evaluate their migratory ability. Relative to control-transduced cells, IFITM1 shRNA-transduced H1650 and A549 cells migrated 24% and 26%, respectively (Fig. 1h-j) . Using a matrigel-coated insert of the transwell system, we examined whether IFITM1 was required for the invasion of cancer cells. As shown in Fig. 1h , k, and l, IFITM1 shRNA-transduced H1650 and A549 cells exhibited 37.5% and 49.5% of cell invasion ability, respectively, relative to control-transduced cells. Consistent with the above results, scratch-induced wound healing assay showed that wound healing was significantly delayed in the absence of IFITM1 ( Fig. 1m and n) . These results indicate that IFITM1 is required for the mobility of NSCLC cells.
Ectopic expression of IFITM1 promotes sphere-forming, proliferation and migration ability of NSCLC cells Above mentioned shRNA depletion experiments showed that IFITM1 was required for essential functions such as proliferation, and migration in NSCLC cell lines. Thus, we investigated whether IFITM1 was sufficient to drive these functions by gain of function of IFITM1 in H1299 and H1650. Here, we ectopically expressed IFITM1 using a lentiviral system and determined the expression of IFITM1 using RT-qPCR and immunoblotting. As shown in Figure 2a -f, IFITM1 was highly upregulated at both mRNA and protein levels upon IFITM1 overexpression. In line with the results obtained from shRNAmediated knockdown experiments (Fig. 1) , ectopic expression of IFITM1 increased the sphere-forming, proliferation, and migration ability of H1299 and H1650 cells in vitro (Fig. 2g-o) . Collectively, these results suggest that IFITM1 overexpression is sufficient to promote the progression of NSCLC cells.
IFITM1 is essential for the maintenance of EMT signature of NSCLC cell lines in vitro
We have previously shown that EMT signaling is defective in the absence of IFITM1 in CRC. 28 Thus, we questioned whether IFITM1 depletion gave rise to a defective EMT signature in NSCLC. NSCLC cell lines, H1650 and A549, were treated with TGF-β to induce EMT. Both RNA and protein were isolated and analyzed to determine whether EMT-related genes were differentially regulated in response to TGF-β treatment. In the absence of IFITM1, several EMT markers such as E-cadherin (CDH1), N-cadherin (CDH2), SNAIL1, SNAIL2, Fibronectin (FN1), matrix metalloproteinase (MMP2), MMP9, etc., were either upregulated or downregulated in H1650 and A549 cells ( Fig. 3a-c ; Supporting Information Fig. S3a-c) . Specifically, CDH1 expression was upregulated in the absence of IFITM1, whereas the expression of CDH2 and SNAIL was downregulated at both the RNA and protein levels. Additionally, using a (f) gelatin digestion assay, we showed that the enzymatic activity of MMP2 was inhibited in the absence of IFITM1 (Fig. 3c) .
EGFR/SOX2 signaling axis in NSCLC cells is dependent on IFITM1 in vitro
It has previously been shown that IFITM1 interacts with caveolin 1 (CAV1) 28, 35 and that CAV1 colocalizes with EGFR in a phosphorylation-dependent manner. [36] [37] [38] However, a direct relationship between IFITM1 and EGFR still remains unknown. To reveal the mechanisms by which IFITM1 deficiency led to the impaired ability of EMT signaling and cancer stem cell-like properties in NSCLC cell lines, we tested whether IFITM1 was related to CAV1 and EGFR signaling. The expression level of CAV1 was determined by RT-qPCR and immunoblotting in IFITM1-depleted H1650 and A549 cells. We found that CAV1 expression was significantly upregulated in the absence of IFITM1 (Fig. 3d , f, and g; Supporting Information Fig. S3 d and e) . Consistently, ectopic expression of IFITM1 in H1299 cells led to a downregulation of CAV1 (Fig. 3e) . Because CAV-1 was known to be a negative regulator of EGFR, 38, 39 we hypothesized that the activity of EGFR would be compromised in the absence of IFITM1 due to the high level of CAV1. To test this hypothesis, control or IFITM1-knocked down cells were transiently transfected with either control (siControl) or siCaveolin-1 (siCAV1). Then, we determined whether the impaired migratory ability of IFITM1-depleted cells was rescued by siCAV1. As shown in Figure 3h -k, the reduced migratory ability of H1650 in the absence of IFITM1 was partially rescued by the simultaneous suppression NSCLC cell lines were transduced with either knocking down IFITM1 or overexpression of IFITM1, and the expression level of CAV1 was determined by RT-qPCR (d and e) and immunoblot (f and g). ACTIN was used as a loading control. Representative images were shown (f ) and quantification of protein levels was performed using Image J software from three separate experiments ( g). (h-m) Control (shLacZ) or IFITM1-depleted (870-shIFITM1) H1650 cells were transiently transfected with either negative control (siNeg) or siCaveolin-1 (siCAV1), and the expression of IFITM1 and CAV1 was determined by RT-qPCR (h and i) and immunoblot (l and m). The transduced cells were either tested to determine migratory ability ( j and k), or treated with 100 ng/ml of EGF to determine pEGFR level (l and m). Representative images were shown (l) and quantification of protein levels was performed using Image J software (m). The data are shown as mean AE SEM of three independent. (*p < 0.05, **p < 0.001) [Color figure can be viewed at wileyonlinelibrary.com] of CAV-1 and IFITM1. Further, pEGFR level was also decreased in the absence of IFITM1 partly because of a higher level of CAV1 ( Fig. 3l and m) . Importantly, the reduced EGFR phosphorylation in the absence of IFITM1 was partially rescued by co-knockdown of IFITM1 and CAV1 (Fig. 3l and m) . These results suggest that the regulation of EGFR signaling by IFITM1 is mediated partly by Caveolin-1. To further determine the influences of IFITM1 depletion on EGFR/AKT signaling axis, we examined several downstream targets, including pAKT, pSTAT3, SOX2, MYC, and EGR1, which were associated with EMT, CSC, and cancer progression. [40] [41] [42] [43] H1650 cells were stimulated with EGF for 10 to 40 min, and the phosphorylation of downstream signaling, such as pEGFR, pAKT, and pSTAT3, was studied by western blot analysis. In control cells, EGFR phosphorylation was found to be the highest after 20 min treatment with EGF, whereas IFITM1-depleted cells displayed very low level of EGFR phosphorylation under the same conditions (Fig. 4a) . The levels of pAKT and pSTAT3 were consistently much lower in the absence of IFITM1 (Fig. 4a) . In addition, the RNA levels of SOX2, MYC, and EGR1 significantly decreased after knocking down IFITM1 (Fig. 4b, d, and f ) . As expected, IFITM1 overexpression was associated with increased RNA levels of these genes (Fig. 4c, e, and g) . Consistently with the results of RNA expressions, the levels of SOX2 and pAKT decreased after IFITM1 knockdown, whereas there was an increase in the levels of these proteins in response to IFITM1 overexpression (Fig. 4h-m) . Additionally, we observed that the level of phospho-β-catenin was also affected in an IFITM1-dependent manner (Fig. 4 h-m) . Furthermore, several surface markers such as CD44 and CD133 marking cancer stem cell population were analyzed using flow cytometry. 29, [44] [45] [46] IFITM1-depletion decreased the expression of CD133 and CD44 in A549 cells (Supporting Information Fig. S4 ). Collectively, these in vitro data suggest that IFITM1 is essential for the maintenance of EMT and CSC-like properties in NSCLC cells via modulation of the EGFR/SOX2 signaling axis.
Defects resulting from the depletion of IFITM1 are partially rescued by ectopic expression of SOX2 in vitro
Since SOX2 was found to be a downstream signaling of IFITM1 in NSCLC cell lines, we investigated whether the functional defects caused by IFITM1 deficiency could be rescued by ectopic expression of SOX2. H1650 cells were transduced with either shLacZ+Vector, shIFITM1 + Vector, or shIFITM1 + SOX2 overexpression (OE). RNA was isolated from transduced cells, and the expression levels of IFITM1 and SOX2 were determined by RT-qPCR. While the reduced RNA level of SOX2 in IFITM1-depleted cells increased by overexpression of SOX2, the level of IFITM1 expression was not affected by SOX2 overexpression (Fig. 5a, b, g, and h ). To test the functional effects of SOX2 overexpression on cell migration, the transduced cells were seeded on a transwell, and the mobility of cells was determined. IFITM1-depleted cells (870-shIFITM1 + Vector) displayed 24.6% of migration compared to the control cells (shLacZ+Vector). Importantly, overexpression of SOX2 in IFITM1-depleted cells (870-shIFITM1 + SOX2 OE) showed 75.8% of migration relative to cells transduced with control vector (shLacZ+Vector); this result suggested that the defects caused by IFITM1 deficiency were partially rescued by the ectopic expression of SOX2 ( Fig. 5c and d) . At the molecular level, we found that MYC, EGR1, and phospho-β-catenin were partially upregulated by SOX2 overexpression (Fig. 5e-h ). These data suggest that SOX2 partially complements the function of IFITM1 as a downstream signaling of IFITM1.
IFITM1 is required for the progression of NSCLC cells in vivo
Because our in vitro data highlighted the essential functions of IFITM1 in NSCLC cells, we investigated whether this phenotype was also observed in vivo. Therefore, control or IFITM1 shRNA-transduced H1650 cells were subcutaneously injected into immunocompromised Nod Scid Gamma (NSG) mice, and tumor size was monitored every 3 days. Tumors were isolated and analyzed 60 days after transplantation. Starting from 24 days after transplantation, control mice began to show differential tumor growth compared to mice with IFITM1 shRNAtransduced cancer cells (Fig. 6a) . At 60 days after injection, control mice developed large size tumors, whereas the mice injected with shIFITM1-transduced cancer cells displayed much smaller size tumors (control, 864.5 AE 34.2 mm 3 vs. shI-FITM1, 431.8 AE 15.7 mm 3 ; p < 0.05; Fig. 6a and b) . When tumors were weighted after dissection, the weight of IFITM1 shRNA-transduced tumor was 36.8% of that of control ( Fig. 6b and c) . To check the levels of IFITM1 expression in tumors, both RNA and protein were isolated and analyzed by RT-qPCR and immunoblotting. IFITM1 expression was significantly lower in IFITM1 shRNA-transduced tumors at both RNA and protein levels compared to their expression levels in tumors from the control mice (Fig. 6d-f ). For the in vivo validation of our in vitro IFITM1 depletion effects, levels of pEGFR, pAKT, and SOX2 proteins in IFITM1 shRNA-transduced tumors were determined by immunoblotting. In agreement with our in vitro data, the levels of pEGFR, pAKT and SOX2 significantly decreased in the absence of IFITM1 (Fig. 6e and f ) . Consistently, when control or IFITM1 shRNA-transduced H1650 cells were orthotopically injected into immunocompromised NSG mice, IFITM1-depleted cells displayed a much lower number of tumor nodules in the lungs as well as the liver compared to the control (lung, 7.7 vs. 2.5; liver, 29 vs. 3.5; Fig. 6g and h 
IFITM1 is associated with a poor prognosis in NSCLC patients
To establish the biological relevance of our results to the prognosis in NSCLC patients, we analyzed 226 NSCLC patientderived samples and measured the expression of IFITM1 protein.
Then, the association between IFITM1 expression and patient's survival rate was determined. The age range of patients included in our study was 35 to 86 years (median, 64 years), and demographic data of these patients were provided in Supporting Information Table 2 . our study comprised 138 (61.1%) adenocarcinoma and 88 (38.9%) squamous cell carcinoma patients, and their median follow-up time was 39.9 months (range, 1-86 months). When the correlation between IFITM1 expression and the 5-year overall survival (OS) rate was analyzed, we found that IFITM1 expression was closely associated with the OS rate of patients with adenocarcinoma but had no correlation with the OS rates of squamous cell carcinoma patients ( Fig. 6i-k) . Specifically, IFITM1-positive patients with adenocarcinoma had a significantly lower 5-year overall survival (OS) rate than that of IFITM1-negative patients (52% vs. 79%, p < 0.001; Fig. 6j ). However, in case of squamous cell carcinoma, IFITM1 expression did not affect the 5-year OS rates (53% vs. 64%, p = 0.26; Fig. 6k ). IFITM1 positivity was not correlated with other clinicopathological variables, including histologic subtype, pathologic stage, lympho-vascular invasion, and smoking history (Supporting Information Table 3 ). In multivariate analysis, IFITM1 expression was an independent prognostic marker for OS in adenocarcinoma patients (hazard ratio = 3.322, p = 0.001; Supporting Information Table 4 ). These results suggest that IFITM1 is closely associated with the poor prognosis of adenocarcinoma and, thus, serves as an attractive therapeutic target to block the progression of the disease.
Discussion
Several groups including ours previously showed that IFITM1 was associated with the progression of several cancers such as glioma, head and neck cancer, and CRC. 27 Additionally, it has been shown that IFITM1 is related to Wnt signaling and cisplatin resistance. 47 However, it remains unknown whether IFITM1 is correlated with a prognosis and is functionally indispensable in NSCLC. In our study, we used several NSCLC cell lines and patient-derived samples to address these questions. In agreement with data obtained from the other cancer studies mentioned above, our gain-and loss-of-function experiments demonstrated that IFITM1 was required for proliferation, sphere formation, migration, invasion, and tumorigenesis via EGFR/SOX2 signaling axis in vitro and in vivo. More importantly, we showed that IFITM1 was closely associated with a poor prognosis of adenocarcinoma, but not squamous cell carcinoma; this was evidenced by a significantly low OS rate of IFITM1-positive adenocarcinoma patients versus IFITM1-negative patients. However, it remains not clear how IFITM1 is induced in the lung cancer. Kim et al. reported that CD147 stimulation, which was implicated in tumor invasion, metastasis, and angiogenesis, 48 could induce the expression of IFITM1 using a leukemic cell line. 49 KRAS mutation was associated with higher expression of IFITM1 in rectal cancer. 50 Analysis of the cancer genome atlas (TCGA) database identifies that three cases of IFITM1 mutations and one case of IFITM1 mutation are found in adenocarcinoma and squamous cell carcinoma, respectively. Here, we showed that IFITM1 was highly upregulated in stem cell selective medium compared to conventional culture medium. Because EGF was a component of stem cell selective medium, we determined whether EGF could induce IFITM1. However, we did not observe any differential expression of IFITM1 in the presence or absence of EGF (Supporting Information Fig. S6 ). Thus, we expect that unknown factors, which needs to be explored further, may be enriched in stem cell selective medium and induce IFITM1 expression.
SOX2 is a member of the SOX (sex-determining region Y [SRY]-box protein) family and is characterized by the presence of a conserved high mobility group (HMG) DNA-binding domain of the SRY protein. 51 It is known to be upregulated in various human cancers, 52 including lung cancer. 53 Notably, SOX2 has recently been used as a CSC marker in several cancers, including CRC 54 and lung 53 cancers. Here, we also showed that EGFR-SOX2 signaling was compromised in the absence of IFITM1, resulting in an impairment of EMT and cancer stem cell-like properties such as mobility, sphere formation, and expression of cancer stem cell markers including CD133 and CD44. Previously, we showed that IFITM1 was essential for epithelial to mesenchymal transition (EMT), an important process implicated in various aspects of tumor progression, such as invasion, metastasis, and drug resistance, 28, 55 in colorectal cancer (CRC) by the regulation of CAV1. In NSCLC cell lines (A549 and H1650) used in our study, EMT signature and CAV1 were consistently dysregulated, suggesting that IFITM1 broadly affected the EMT signature in both CRC and NSCLC cells. We also found that cancer stem cell-like properties, mediated by EGFR signaling pathway, were critically impaired in the absence of IFITM1. In order to investigate the molecular mechanisms by which EGFR signaling pathway was dysregulated in an IFITM1-dependent manner, we focused on the downstream targets of EGFR, such as pSTAT3, SOX2, MYC and EGR1. While MYC overexpression or dysregulation is related to the numerous oncogenic cascades, it has been reported to function as a tumor suppressor as well. 56, 57 In addition, the reciprocal relationship between MYC and SOX2 has been implicated in the maintenance of stem cells and cancer development. 41 They occupy more than 85% of the same gene promoters, and their interaction is related to the promotion of self-renewal, growth regulation, and cell cycle progression. 57 EGR1, a downstream target of EGFR signaling, 58 has been reported to interact with MYC and its interaction leads to the induction of apoptosis. 43, 56 Our observations showed that IFITM1 depletion reduced the levels of pEGFR, SOX2, MYC, and EGR1; these effects were partly rescued by ectopic expression of SOX2. It has been reported that CAV1 interacts with EGFR, and IFITM1 colocalizes with CAV1. 28, 35, 37 In our study, we found that CAV1 was upregulated, and the pEGFR level was down regulated in the absence of IFITM1, which was rescued by simultaneous knockdown of CAV1 and IFITM1. Thus, we suggest that IFITM1 is essential for the EGFR-SOX2 signaling cascade and regulates the signal transduction possibly through direct or indirect interaction with EGFR in a CAV1-dependent manner.
We conducted IHC analyses of IFITM1, SOX2, and EGFR to see the correlation in patient-derived samples. The positivity of IFITM1 expression was 65% and 45% in squamous cell carcinoma and adenocarcinoma, respectively (Supporting Information Table 5 ). As reported, 59 ,60 the positivity of SOX2 expression was also much higher in squamous cell carcinoma than that in adenocarcinoma (Supporting Information Tables 6 and 7) . SOX2 expression tended to show more positivity in the IFITM1-positive group (30.9% versus 21.4%), although it was not statistically different. EGFR expression was not different between IFITM1-positive and negative group (Supporting Information Table 8 ). As we showed that IFITM1 was associated with OS in adenocarcinoma, but not in squamous cell carcinoma (Fig. 6i-k) , it was a little bit paradoxical that the positivity of IFITM1 and SOX2 expression was higher in squamous cell carcinoma than that in adenocarcinoma. There are possibly several explanations to this result; (1) the sample number of squamous cell carcinoma was too small to result in a statistically conclusive analysis (n = 88); (2) there might be a discrepancy between established human cell lines and patient-derived samples that we used in our study; (3) there might be a multistep complex progression of squamous cell carcinoma, because OS of squamous cell carcinoma was considerably different between IFITM1-positive and -negative in 20 to 80 months after surgery, but not in the initial period of OS tracking (Fig. 6k) ; (4) there may be unknown factors other than IFITM1, complicating the analysis. Thus, the significance and association of IFITM1 and SOX2 in NSCLC are more complex, and further studies are required to get insights to better understand these molecules.
To the best of our knowledge, our study is the first to show that IFITM1 plays an essential role in maintaining EMT and cancer stem cell-like properties of NSCLC via EGFR/SOX2 signaling axis. Therefore, IFITM1 may represent an attractive target to achieve better therapeutic outcomes in NSCLC, and hence it is strongly suggested to develop chemotherapeutic agents and blocking antibodies targeting IFITM1.
